Hartree-Fock and Density Functional Theory (B3LYP, B3PW91) calculations for the ground state of (3-Oxo-3H-benzo[f]chromen-1-yl) methyl N,N-dimethylcarbamodithioate have been presented and the calculated structural parameters and energetic properties have been compared with the available X-ray diffraction data. The vibrational frequencies have been calculated using optimized geometry of the molecule. The conformational properties of the molecule have been determined by computing molecular energy properties, in which torsional angle varied from −180°to +180°in steps of 10°. Moreover, natural bond orbital analysis and atomic charge analysis have been performed. Besides, HOMO and LUMO energies have been calculated and their pictures have been presented. Finally, molecular electrostatic potential and thermodynamic properties have been calculated. It is seen that the obtained theoretical results agree well with the available experimental values. In all the calculations, except for optimization and vibrational calculations, B3LYP level of theory with 6-311++G(d,p) basis set has been used.
Introduction
Priviliged structures or scaffolds were first studied by Evans et al. [1] . These structures can bind to a diverse range of targets with high affinities, thus enabling discovery of novel bioactive agents. Chromenes (benzopyrans) represent an important type of priviliged structures appearing in natural compounds and they possess interesting biological activities such as antitumor [2] , antivascular [3] , antimicrobial [4] , antioxidant [5] , TNF-α inhibitor [6] , antifungal [7] , anticoagulant [8] , estrogenic [9] , antiviral [10] , anticancer [11, 12] , anti-HIV [13] , antitubercular [14] , anti-inflammatory [15] and anticonvulsant [16, 17] . Benzopyran derivatives are also used in the production of highly effective fluorescent * E-mail: meryem.evecen@amasya.edu.tr dyes for synthetic fibers, daylight fluorescent pigments and electrophotographic and electroluminescent devices [18] [19] [20] [21] [22] [23] .
In the literature, coumarin compound, (3-Oxo-3H-benzo[f]chromen-1-yl) methyl N,N-dimethylcarbamodithioate was synthesized by Kumar et al. [21] . This compound was characterized by X-ray diffraction method and its structure was clarified with 1 H NMR and IR spectra by Mahabaleshwaraiah et al. [24] . To our knowledge, despite the importance mentioned above, there is a lack of theoretical calculations of conformational, natural bond orbital (NBO), molecular geometry, vibrational modes, molecular frontier orbital energy, electronic and thermodynamic properties of the title compound.
The aim of the this work is to to perform Mulliken population, natural population and conformational analyses as well as to describe and [24] , (b) optimized geometric structure of (3-Oxo-3H-benzo[f]chromen- 1-yl) methyl N,N-dimethylcarbamodithioate compound (obtained at B3LYP/6-311++G(d,p) level). Visualization of this structure has been carried out with ChemCraft software [27] .
characterize the molecular structure, vibrational frequencies, NBO, molecular frontier orbital energies (HOMO and LUMO), molecular electrostatic potential maps (MEP) and thermodynamic properties of (3-Oxo-3H-benzo[f]chromen-1-yl) methyl N,N-dimethylcarbamodithioate compound, using DFT (B3LYP, B3PW91) and HF calculations.
Computational methods
The initial molecular geometry of the studied molecule was taken from X-ray diffraction results [24] without any constraints. The geometry optimization is the basic building block of theoretical calculations. Therefore, we made geometry optimization for this molecule by HF and DFT (B3LYP and B3PW91) methods with 6-311++G(d,p) basis sets. Gaussian 09W program package was used in the HF and DFT calculations for the title compound [25] . The harmonic frequency calculations were performed at both HF and DFT levels with 6-311++G(d,p) basis sets using the optimized structural parameters. The obtained vibrational frequencies were scaled by a factor of 0.89 for HF, 0.96 for B3LYP and 0.957 for B3PW91. Vibrational band assignments were made using the Gauss-View molecular visualisation program [26] . In addition, electronic properties, such as natural bond orbital (NBO), charge analysis, HOMO-LUMO energies, and thermodynamic properties were calculated using DFT/B3LYP method.
Results and discussion

Molecular structure
The crystal structure of C 17 H 15 NO 2 S 2 is monoclinic and its space group is P 2 1/n. The crystal structure parameters of the compound are a = 14.1575 (2) Å, b = 6.9399 (1) Å, c = 15.9750 (2) Å, β = 101.591 (1)°, γ = 78.842 (1)°and V = 1537.56 (4) Å 3 [24] . In this molecule, the 3H-benzo[f]-chromene ring system is distinctly twisted. The experimental structural parameters of the novel molecule are as follows: the dihedral angle between the pyran ring and its opposite benzene ring is 9.11 (8)°, the N,N-dimethylcarbamodithioate residue lies almost perpendicular to the pyran ring (dihedral angle = 85.15 (7)°).
The molecular structure of the title compound has been optimized by GAUSSIAN 09W at HF and DFT levels using X-ray diffraction experimental data [24] without any constraints and is shown in Fig. 1 with atomic numbers [27] . The energies of the optimized structure obtained by HF, DFT-B3LYP and DFT-B3PW91 methods are −44951.761 eV, −45136.013 eV and −5124.020 eV, respectively. Selected comparative structural parameters obtained from the optimization are presented in Table 1 . 
-432 365 366 ν -stretching; δ -twisting; γ -rocking; ω -wagging; α -scissoring; s -symmetric; as -asymmetric; R -ring.
Taking into account these results we can conclude that B3LYP/6-311++G(d,p) method can be used as the main reference. It is also well known from the literature that DFT-optimized bond lengths are usually longer and more accurate than HF due to the electron correlation included in DFT [28] .
The bond lengths, angles and dihedral angles are presented in Table 1 . It is seen from the Table that the calculated bond lengths are slightly larger than the corresponding experimental values. This discrepancy may originate from the fact that the theoretical calculations were performed for the gaseous phase whereas the experimental results
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were obtained for the solid phase [29] . Another reason can be the change in charge distribution on the carbon atom of the benzene ring [30] . The carbonhydrogen bond lengths are given as standard values during the solvation of the crystal structure by SHELXS97 [31, 32] . In Table 1 , we did not give them because of the disprecancies in the bond lengths between carbon and hydrogen atoms.
From Table 1 we can see that the calculated bond angles are in agreement with the experimental results. The only discrepancy occurs for the angle C16-N1-C17, which we think may originate from sharp in-plane and out-of-plane vibrations of the methyl group bonded to nitrogen atom. We also see that all the calculated dihedral angles are in a good agreement with the experimental results.
The calculated geometrical parameters obtained by HF, DFT/B3LYP and DFT/B3PW91 methods represent a good approximation and they are the bases for calculating other parameters, such as vibrational frequencies, conformational analysis, frontier molecular orbitals, electronic and thermodynamic properties.
Vibrational spectra
Harmonic vibrational frequencies were calculated using HF, DFT/B3LYP and DFT/B3PW91 with the 6-311++G(d,p) basis set. Stimulated IR spectra of the title compound are shown in Fig. 2 . The calculated and available experimental frequencies of the IR spectra of the title compound are presented in Table 2 with probable assignments obtained by the use of Gauss-View molecular visualisation program. Theoretical vibrational frequencies of the title compound obtained by the three methods agree well with experimental data.
The studied title compound C 17 H 15 NO 2 S 2 includes 37 atoms and therefore undergoes 105 normal modes of vibrations. For fitting the theoretical wavenumbers to the experimental ones, an overall scaling factor has been introduced by using a least-square optimization of the computed values to the experimental ones. Vibrational frequencies have been scaled as 0.890, 0.960 and
0.957 for HF, B3LYP and B3PW91, respectively, with 6-311++G(d,p) basis set [33, 34] .
The IR spectra contain some characteristic bands of the stretching vibrations of C-H, C-H 3 , C-H 2 , C=O, C-O, C-C, C-N and C-S groups, which were analysed in a detailed way.
Among the vibrations in molecules, the C-H vibration has a well-known characteristic frequency, and in the region of 3100 cm −1 to 3000 cm −1 , which is the region characteristic for ready identification of C-H stretching vibrations in plane, multiple weak bonds are expected for aromatic compounds [35] . The bands in this region are not affected by the nature of the substituents.
Looking at Table 2 , we see that the calculated C-H aromatic streching intensities have a medium intensity and the results obtained by three different methods are 2984 cm −1 to 2972 cm −1 for HF, 3063 cm −1 to 3048 cm −1 for B3LYP and 3064 cm −1 to 3048 cm −1 for B3PW91. As can be seen, these intensities are in the expected region. It is known that C-H in-plane and out-of-plane bending vibrations lie in the range of 1300 cm −1 to 1000 cm −1 and 950 cm −1 to 800 cm −1 [36] [37] [38] . The studied title compound has two C-H 3 groups. The C-H methyl group stretching vibrations, especially observed in the range of 3000 cm −1 to 2900 cm −1 , are highly localized [39, 40] . In this study, the asymmetric bands with high peaks have been found at 2949 cm [41, 42] .
In this work, six wagging and one stretching, twisting and rocking methylene vibrations are observed. Generally, the symmetric C-H 2 stretching vibrations are observed between 3000 cm −1 and 2900 cm −1 [43] . In accordance with this, C-H 2 symmetric mode has been found at 2838 cm − These vibrations are more effective for analyzing various factors in ring aromatic compounds. Because of different electronegativities of C and O, the C=O bond reduces the frequencies of the C=O stretching absorption to a greater degree than intermolecular H bonding does. The lone pair of electrons on oxygen also determines the nature of the carbonyl groups. The C=O vibration appearing in the expected range shows that it is not much affected by other vibrations, as mentioned in literature [44] . As is well-known, compounds including carbonyl group, show C=O streching vibrations in the region 1920 cm −1 to 1640 cm −1 . In the present study, C=O strong stretching vibration has been identified at 1766 cm −1 by HF, 1728 cm −1 by B3LYP, and at 1744 cm −1 by B3PW91, which is in the expected region [45] and in good agreement with the experimental value of 1708.6 cm −1 ( Table 2) .
C-O stretching band of the aromatic ring in IR spectrum is characterized by the frequencies around 1270 cm −1 to 1230 cm −1 [46] . For aromatic rings, the C-O vibrations are observed at 1195 cm −1 (1290 cm −1 , 1258 cm −1 ) and 904 cm −1 (967 cm −1 , 979 cm −1 ) by HF (B3LYP, B3PW91) method. These assignments were also supported by the experimental values of 1279 cm −1 and 1036 cm −1 .
The C-N stretching vibrations are observed in 1382 cm −1 to 1266 cm −1 [45] , 1150 cm −1 to 1120 cm −1 [47] , and 1248 cm −1 to 1199 cm −1 [48] . In this study, we have observed the C-N stretching vibrations at Table 2 ).
The aromatic stretching vibrations are very prominent, as the involved double C=C bond is in conjugation with the ring. The ring C=C and C-C stretching vibrations were observed in the region of 1620 cm −1 to 1390 cm −1 by Arivazhagan et al. [49] and in the region of 1625 cm −1 to 1280 cm −1 by Varasanyi et al. [50] . In the present work, we have observed ring C=C and C-C stretching vibration frequencies at 1628 cm − [51] and the absorption bands of C-S group were found in the range of 930 cm −1 to 670 cm −1 with a moderate intensity [52, 53] . The experimental C=S vibration mode was observed at 1251 cm −1 while C-S vibration modes were at 842 cm −1 and 660 cm −1 [24] . In this work, we have calculated C=S vibrations at 1137 cm −1 , 1233 cm −1 and 1244 cm −1 by HF, B3LYP and B3PW91, respectively, while C-S vibrations were obtained at 834 cm −1 , 740 cm −1 , 572 cm −1 and 560 cm −1 by HF; 951 cm −1 , 831 cm −1 , 727 cm −1 and weak intensity 672 cm −1 by B3LYP; and 967 cm −1 , 848 cm −1 , 752 cm −1 and 563 cm −1 by B3PW91. The calculated results showed slight deviations from experimental values due to hydrogen bonding interactions. We can say that these vibrations coincide satisfactorily with the literature and experimental values ( Table 2) .
FT-IR spectrum of the title compound has been obtained by HF, B3LYP and B3PW91 methods, and is shown in Fig. 2 . It can be concluded from Fig. 2 and Table 2 that except for HF method, other methods give the results which are in good agreement with each other and the experiment. The exception for HF may be due to the fact that HF takes no electron correlation into account. It is seen from Table 2 that the calculated vibrational frequencies of the title compund agree well with the available experimental results. From this, we can conclude that other vibrational frequencies presented in this work can be a reference for experimentalists.
Conformational analysis
In order to define the preferential position of low energy structures, computations were performed using B3LYP/6-311++G(d,p) as a function of selected degrees of torsional freedom T(C11-C14-S1-C15). The respective value of selected degrees of torsional freedom, T(C11-C14-S1-C15), is 86.48°in X-ray structure [24] , whereas the corresponding value in DFT optimized geometry is 105.834°. In Fig. 3 , the molecular energy profiles with respect to rotations about the selected torsion angles are shown. It is seen from Fig. 3 that the low energy domains for T(C11-C14-S1-C15) are located at 70°and 180°. Energy difference between the most favorable and unfavorable conformers is calculated as 1.56 eV, when selected degree of torsional freedom is considered. It must be noted that the selected torsion angle in the crystal structure of the title compound is near to its global minimum value.
Natural bond orbital analysis
In order to investigate charge transfer or conjugative interaction in molecular systems, we have executed natural bond orbital (NBO) analysis using Gaussian 09W program. Some electron donor orbitals, acceptor orbitals and the interacting stabilization energy resulting from the second-order micro-disturbance theory have been reported in the literature [54, 55] .
More intensive interactions between electron donors and electron acceptors depend on larger E (2) value, i.e. the more donating tendency from electron donors to electron acceptors, the greater the extent of conjugation of the whole system [56] . The stabilization energy E (2) associated with i(donor)→j(acceptor) delocalization is obtained by [57, 58] :
where q i is the donor orbital occupancy, i , j are orbital energies and F ij is the off-diagonal NBO Fock matrix element. For investigating the intramolecular interactions, second-order perturbation theory was used for obtaining stabilization energies of the title compound. We found from the NBO analysis that the intramolecular interactions formed by the orbital overlap between bonding (C-S), (C-O), (C-N), (C-C) and (C-H) and anti-bonding (C-O), (C-N), (C-C) and (C-H) orbitals resulting from intramolecular charge transfer, cause stabilization of the compound. Selected second-order perturbation energies E (2) associated with i→j delocalization in gas phase have been tabulated in Table 3 . The stabilization energies larger than 300 kcal/mol have been listed in the table presented in the literature [59] . In electron density (ED), these interactions are observed as an increase in (C-S), (C-C) and (C-O) anti-bonding orbital that weakens the respective bonds. The electron density of dimethylamino fragment (∼1.99 e) demonstrates clearly the strong delocalization. Additionally, the ED of conjugated bond of 3H-chromene ring (∼1.98 e) shows clearly a strong delocalization inside the compound [59] . The hyperconjugative interactions of σ→σ* and σ→π* occur in various bonds in the compound. As an example, the hyperconjugative interactions of σ(N1-C15) distribute to σ*(C16-H11), σ*(C1-C6), σ*(C8-C9) and π*(C11-C12). In case of σ(C16-H10) orbital, the σ*(C8-C9) and σ*(C16-H11) show stabilization energy of 1719.49 kcal/mol and 1906.38 kcal/mol. Also for σ(C17-H13) and σ(C17-H14) orbitals, the σ*(C16-H11) show stabilization energy of 5450.36 kcal/mol and 5664.53 kcal/mol, respectively. The intramolecular hyperconjugative interactions of σ(C17-H15) distribute to the σ*(C1-C6), σ*(C6-C10) and σ*(C11-C12) resulting in a stabilization of 1140.73 kcal/mol, 1422.13 kcal/mol and 1017.78 kcal/mol.
The other hyperconjugative interaction of the σ(C1-C2) enhanced further conjugate with antibonding orbital of π*(C5-C6) and σ*(C6-C10) which results in strong delocalizations of 1355.02 kcal/mol and 141.88 kcal/mol, respectively.
In addition, the π*(O2-C13) NBO conjugates with respective bonds of π*(C3-C4) and σ*(C17-H15) result in an enormous stabilization of 3841.97 kcal/mol and 2690.23 kcal/mol, respectively. The π*(C5-C6) bond interacts with σ*(C8-C9) and σ*(C16-H11) with energies of 1480.79 kcal/mol and 1108.24 kcal/mol, respectively. This enhances further conjugate with antibonding orbital from π*(C9-C10)→σ* (N1-C17), which results in strong delocalization of 1285.15 kcal/mol. heoretical investigations on the structural, spectroscopic, electronic and thermodynamic. . .
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The interaction energy related to the resonance in the present molecule involves electron density transfer from a lone pair of S2 to antibonding σ*(C8-C9) of chromene carbon atoms, resulting in an enormous stabilization (up to 1656.20 kcal/mol). The weaker lone pairs of S1, O1, O2 and N1 donate their electrons to the σ, π and LP(1)-type anti-bonding orbital.
We also calculated atomic charge values of the compound by the natural population analysis (NPA) using the DFT/B3LYP method with the 6-311++G (d,p) basis set in order to determine the electron population of each atom in the title compound. The natural charges were obtained by natural bond orbital analysis (NBO). NPA charge distribution is shown in Fig. 4 . As can be seen, all hydrogen atoms have a net positive charge. The NPA analysis shows that all carbon atoms are negatively charged, except for C8, C11 and C13 atoms of pyran ring. Among all these atoms, the maximum positive atomic charge is obtained only for C13 atom of carbonyl group. This is due to the attachment of maximum negatively charged C13=O2 double bond.
Atomic charge distributions in gasphase and in solution phase
The Mulliken atomic charges [60] for the non-H atoms of the title molecule calculated at the B3LYP/6-311++G(d,p) level in gas-phase are presented in Table 4 . To investigate the solvent effect on the atomic charge distribution of the title molecule, PCM method has been used. The results obtained for four selected solvents (chloroform, ethanol, dmso and water) are listed in Table 4 .
The Mulliken atomic charges show that the carbon atoms attached to hydrogen atoms are negative, whereas C5, C6, C7, C11 atoms and C13 (adjacent to the oxygen atoms) are positively charged in the whole phase. The other carbon atoms have more negative atomic charges whereas all the hydrogen atoms have positive charges except for H9. Among all the atoms, the maximum positive atomic charge is obtained only for C11 atom of carbonyl group. This is due to the attachment of the most negatively charged C14 atom. In the gas phase, S1, C6 and H7 atoms have larger positive atomic charges while C3, C14, H9 and C15 atoms have larger negative atomic charges. This behavior may be the result of electronegativity differecences between bonded atoms and the resultant bond character. This method and the NPA analysis predict the same tendencies. On the other hand, it has been found that, in solution-phase, the atomic charge values of the S2, O2, N1, C1, C2, C4, C7, C8, C9 and C11 atoms are larger than those in the gas-phase and their atomic charge values increase with the increase in the polarity of the solvent, but the values of S1, C6, H7, C3, C14, H9 and C15 atoms decrease with the increasing polarity of the solvent. The coordination of these atoms is changing in different solvents, which may be helpful when one wishes to use this molecule to construct interesting metal complexes with different coordinate geometries [61] .
Frontier molecular orbital analysis
The frontier molecular orbitals constitue a basic building block in electric and optical properties as well as in UV-Vis spectra and chemical reactions [62] . In this study, we found that the most energetic method is B3LYP with −45136.013 eV energy followed by B3PW91 with −45124.020 eV energy and then HF with −44951.761 eV energy. Fig. 5 shows the distributions and energy levels of the HOMO and LUMO orbitals, computed using the most energetic method (B3LYP) for the title compound. Both HOMOs and the LUMOs are mostly of the π-antibonding type and thus, the electronic transitions from HOMO to LUMO may result from the contribution of π-π* bands [63] . As can be seen from Fig. 5 , for the HOMOs, the electrons are delocalized on the sulfur atoms. For the LUMOs, the electrons are mainly delocalized on the 3-oxo-3H-chromen ring. The energy separation between the HOMO and LUMO is 3.972 eV. Also chemical hardness and stability can be calculated from the HOMO-LUMO gap and have been found to be 1.986 eV and 0.252 eV −1 , respectively [64] .
Molecular electrostatic potential analysis
Molecular electrostatic potential (MEP) is related to ED and is a very useful tool for identifying the sites for electrophilic and nucleophilic reactions as well as hydrogen bonding interactions [65, 66] .
In majority of MEP analyses, the maximum negative region which is the preferred site for electrophilic attack is shown in red color, the maximum positive region which is the preferred site for nucleophilic attack is shown in blue color. The MEP displays molecular size, shape as well as positive, negative and neutral electrostatic potential regions in terms of color grading and is very useful in investigating a molecular structure with its physiochemical property relationship [67] . In this study, 3D plot of MEP of the title compound is shown in Fig. 6 .
As can be seen from Fig. 6 , the negative regions in the molecule were found around the keto group (O2 atom) and inside the benzene ring. The negative V(r) values are −0.093 a.u. for O2 atom which is the most negative region and −0.043 a.u. for the inside region of benzene ring. Therefore, we can predict that an electrophile preferably can attack the title compound at the O2 position.
Meanwhile, looking at the map in Fig. 6 , a possible site for nucleophilic processes is predicted on the hydrogens of dimethylamino fragment with a value of +0.057 a.u. The MEP results of the title compound are in agreement with the literature [67, 68] . According to these calculated results, the MEP map shows that the most negative potential site is on keto group and the most positive potential sites are around the hydrogen atoms.
Thermodynamic properties
On the basis of B3LYP/6-311++G(d,p) vibrational analysis and statistical thermodynamics, the standard thermodynamic functions: entropy (S 0 m ), heat capacity (C 0 p,m ) and enthalpy (H 0 m ) were obtained and listed in Table 5 .
The scale factor for frequencies, which has been used for an accurate prediction of the thermodynamic functions, is 0.96. Table 5 shows that the S 0 m , C 0 p,m and H 0 m increase with temperature from 200.00 K to 600.00 K, because the intensities of the molecular vibrations increase with the increasing temperature.
The correlations between these thermodynamic properties and temperature T are shown in Fig. 7 . The correlation equations are as follows: 
These equations will be helpful for the further studies of the title compound.
Conclusions
The geometric parameters and vibrational frequencies of 3-Oxo-3H-benzo[f]chromen-1-yl) methyl N.N-dimethylcarbamodithioate have been calculated using HF and DFT (B3LYP and B3PW91) methods with 6-311++G(d,p) basis sets. The comparison between the calculated results and the X-ray experimental data shows that B3LYP method is better than HF and B3PW91 methods in evaluating bond lengths, angles, dihedral angles and vibrational frequencies, in which the experimental and theoretical results support each other [24] . The energy gap between the HOMO and LUMO is very large and this energy separation gives important information about the title compound. The NBO analysis revealed that the π*→π* interactions give the strongest stabilization to the system. On the other hand, it was found that, in gas-phase, the atomic charge values are larger than those in solution-phase and atomic charge values decrease with increasing polarity of the solvent. The correlations between the statistical thermodynamic properties (enthalpy, entropy, heat capacity) and temperatures were also studied. Our calculations are in progress and we hope that the present paper will be useful in designing and synthesis of new materials.
